Members of the TGF-␤ superfamily influence a broad range of biological activities including stimulation of wound healing and inhibition of cell growth. TGF-␤ signals through type I and II receptor serine/ threonine kinases and induces transcription of many genes including plasminogen activator inhibitor-1 (PAI-1). To identify proteins that participate in TGF-␤-induced gene expression, we developed a novel retrovirus-mediated expression cloning strategy; and using this approach, we established that transcription factor µE3 (TFE3) is involved in TGF-␤-induced activation of the PAI-1 promoter. We showed that TFE3 binds to an E-box sequence in PE2, a 56-bp promoter fragment of the PAI-1 promoter, and that mutation of this sequence abolishes both TFE3 binding as well as TGF-␤-dependent activation. TFE3 and Smad3 synergistically activate the PE2 promoter and phosphorylated Smad3 and Smad4 bind to a sequence adjacent to the TFE3-binding site in this promoter. Binding of both TFE3 and the Smad proteins to their cognate sequences is indispensable for TGF-␤-inducible activation of the PE2 promoter. Hence, TFE3 is an important transcription factor in at least one TGF-␤-activated signal transduction pathway.
TGF-␤ has a diverse range of biological activities including inhibition of cell growth, induction of cell differentiation, inhibition of the immune response, and production of extracellular matrix proteins. TGF-␤ rapidly induces transcription of extracellular matrix proteins such as plasminogen activator inhibitor-1 (PAI-1) and cellcycle inhibitors such as p15 INK4B and p21 WAF1/CIP Hannon and Beach 1994; Datto et al. 1995; Li et al. 1995) . TGF-␤ signals through the sequential activation of two homodimeric cell-surface receptors, termed type I and type II (T␤RI and T␤RII), both of which are serine-threonine protein kinases (Franzen et al. 1993; Lin and Lodish 1993; Wrana et al. 1994; Luo and Lodish 1996; Weis-Garcia and Massagué 1996) . Ligandactivated T␤RI phosphorylates conserved serines at the carboxyl termini of either Smad2 or Smad3, which promote their binding to one or more molecules of Smad4, a common partner for all phosphorylated Smads involved in signaling by both TGF-␤ and bone morphogenetic proteins Massagué et al. 1997; Attisano and Wrana 1998) . Smad complexes then enter the nucleus and activate transcription of a variety of genes.
Ectopic expression of Smad2 and Smad4 activates transcription of a reporter gene driven by the artificial TGF-␤ responsive promoter 3TP, and addition of TGF-␤ further stimulates its expression (Lagna et al. 1996; Macias-Silva et al. 1996) . Similarly, overexpression of Smad3 and Smad4 activates transcription from the TGF-␤ inducible PAI-1 promoter (Zhang et al. 1996 ; X. . Recent evidence indicates that Smad3 and Smad4 can directly bind to specific DNA sequences in either artificial or natural TGF-␤-inducible promoters and thus activate gene transcription (Yingling et al. 1997; Dennler et al. 1998; Vindevoghel et al. 1998; Zawel et al. 1998) . However, it is not yet clear whether binding only of Smad proteins to DNA is sufficient to confer maximal TGF-␤-induced transcription. Given the diversity of genes that are activated by TGF-␤, it seems likely that other transcription factors, some possibly expressed only in certain kinds of cells, partner with phosphorylated Smads to induce the expression of different genes. In Xenopus, activin induces phosphorylation of Smad2, which then forms a complex with Smad4 and the tran-scription factor FAST-1. This complex then binds to the promoter of the developmentally regulated gene Mix2 and induces its transcription (X. Chen et al. , 1997 .
PAI-1 is a component of the extracellular matrix and also plays an important role in regulating blood coagulation. Addition of TGF-␤ to cultured human Hep G2 hepatoma cells dramatically induces PAI-1 gene expression (Westerhausen et al. 1991 ). Coexpression of Smad2 or Smad3 with Smad4 also increases the expression of reporter genes driven by the PAI-1 promoter (Y. Lagna et al. 1996; Zhang et al. 1996) , and mutation of Smad4 leads to loss of the TGF-␤ response (F. Zawel et al. 1998 ). Thus, Smad proteins are involved in TGF-␤-induced transcription of the PAI-1 gene. AP-1 binding sites as well as an E-box sequence have been implicated in TGF-␤-induced transcription of the PAI-1 gene (Keeton et al. 1991; Riccio et al. 1992 ). However, little is known about how transcription factors in concert with Smad proteins stimulate TGF-␤-dependent PAI-1 transcription.
We developed a novel expression cloning system involving an engineered TGF-␤ responsive cell line and a retroviral cDNA library. Using this system, we cloned a transcription factor, TFE3, which when ectopically expressed activates TGF-␤-induced expression of the PAI-1 gene. We identified two E-box DNA sequences in the natural PAI-1 promoter that specifically bind to TFE3. Ectopic expression of TFE3 increases TGF-␤-dependent expression of a reporter gene driven by a natural PAI-1 promoter fivefold, whereas mutation of the E-box sequence in a fragment of the PAI-1 promoter completely abolishes TGF-␤-inducible transcription. Moreover, we showed that TFE3 and Smad3 and Smad4 synergize in enhancing TGF-␤-dependent transcription from this minimal 56-bp promoter fragment, a synergy strictly dependent on the phosphorylation of serine residues at the carboxyl terminus of Smad3. Furthermore, we show that within a 36-bp PAI-1 promoter, a complex of Smad3 and Smad4 bind to a sequence adjacent to the TFE3-binding site. Binding of this DNA by a Smad3-Smad4 complex requires phosphorylation of the carboxyl terminus of Smad3, and binding of both TFE3 and Smad proteins to this promoter is essential for TGF-␤-inducible transcription. Together, our data show that TFE3 and Smad proteins synergistically cooperate in transcription of at least one TGF-␤-inducible gene.
Results

Isolation of cell clones with constitutive TGF-␤ signaling on infection with a retroviral cDNA library
To identify proteins that participate in the TGF-␤-induced transcription of the PAI-1 gene, we established an expression cloning system involving an engineered cell line and a high titer retroviral cDNA library. Our expression cloning strategy was based on the finding that overexpression of either Smad2 or Smad3 alone or together with Smad4 induces TGF-␤ responses in the absence of ligand (Y. Lagna et al. 1996; Zhang et al. 1996; X. Liu et al. 1997) ; thus overexpression of other proteins in the TGF-␤-signaling pathway might also induce transcription of genes normally activated by TGF-␤. To infect the engineered TGF-␤-responsive BAH-gpt (guanosine phosphoribosyl transferase) cells (Hocevar and Howe 1996) with a retroviral cDNA library, we stably introduced into the cells the cDNA encoding the receptor for the ecotropic murine Moloney retrovirus (Baker et al. 1992) . Growth of the resulting BAH-ER3 cells, like parental BAH-gpt cells, was not inhibited by TGF-␤ but transcription of the PAI-1 gene was fully inducible by TGF-␤. These cells are deficient in hypoxanthine phosphoribosyl transferase (HPRT), but contain the bacterial gpt gene under the control of 3TP, an artificial TGF-␤ inducible promoter (Wrana et al. 1992; Hocevar and Howe 1996) (Fig. 1) . Thus, BAH-ER3 cells grow in HAT medium only in the presence of TGF-␤. In contrast, addition of 6-thioguanine (6-TG) to normal medium kills the cells, but only in the presence of TGF-␤, as gpt converts 6-TG to a toxic product (Fig. 1) .
Two million BAH-ER3 cells were infected with a retroviral cDNA library prepared from HPRT-deficient HT1080 cells, and grown in HAT medium in the absence of TGF-␤. After 2 weeks, we isolated 12 HAT-resistant clones. We reasoned that if overexpression of a particular cDNA caused the HAT-resistant phenotype, then we could rescue the cDNA sequence by packaging of the retroviral RNA by the Gag, Pol, and Env proteins derived from superinfecting wild-type Moloney retroviruses (Rasheed 1995) . The rescued retrovirus transducing the cDNA should allow transfer of the HAT-resistant phenotype to fresh BAH-ER3 cells. Retroviruses produced by 3 of the 12 lines, including HATR4 and HATR7 cells, caused BAH-ER3 cells to acquire the ability to grow in Figure 1 . TGF-␤-regulated growth of BAH-ER3 cells in the presence of drug selection. On day 0, BAH-ER3 cells were seeded at a density of 5 × 10 4 cells/well in a six-well plate in DMEM containing 10% fetal calf serum, 100 U/ml penicillin and 100 µg/ml streptomycin. On day 1, the cells were switched to medium with 1× HAT or 6-TG (30 µg/ml) with or without 200 pM TGF-␤ as indicated. On day 9, the growing cells were stained with crystal violet. (TRE) Phorbol ester TPA response element; (gpt) guanosine phosphoribosyl transferase.
HAT medium in the absence of TGF-␤ and to be killed in normal medium in the presence of 6-TG ( Fig. 2A) .
The HAT-resistant HATR4-Res cells were derived from the BAH-ER3 cells infected with the retrovirus rescued from HATR4 cells ( Fig. 2A) . If constitutive expression of the gpt gene is caused by constitutive activation of the TGF-␤-inducible promoter upstream of the gpt gene, then we expect that a similar TGF-␤-inducible promoter in a luciferase reporter construct should drive expression of luciferase even in the absence of TGF-␤. To test this hypothesis, we transfected a TGF-␤-inducible luciferase reporter construct, 3APP-Luc, into parental BAH-ER3 cells, HATR4 cells, and the rescued HATR4-Res cells (Fig. 2B) . In BAH-ER3 cells, expression of the TGF-␤-inducible 3APP-Luc is low in the absence of TGF-␤ and induced sevenfold by TGF-␤. In contrast, in the absence of TGF-␤ expression of 3APP-Luc is much higher in both HATR4 and HATR4-Res cells than that in BAH-ER3 cells. Addition of TGF-␤ has little effect on expression of the reporter gene in HATR4 cells. In HATR4-Res cells, which may contain multiple copies of the retroviral genome, TGF-␤ stimulates reporter gene expression threefold (Fig. 2B) . These results suggest that a retrovirus-introduced cDNA is responsible for HAT resistance as well as constitutive expression of the normally TGF-␤-inducible reporter gene.
Cloning of TFE3 from the cell clone with constitutive TGF-␤ signaling
To clone the cDNA responsible for the HAT-resistant phenotype of HATR4 cells by use of PCR, we amplified genomic DNA with a pair of oligonucleotides flanking the multiple cloning site in the retroviral vector. A single 2.7-kb DNA fragment was amplified from the genomic DNA of HATR4 cells, but not from control BAH-ER3 cells (data not shown). Sequencing of this DNA fragment indicates that it encodes the full-length transcription factor µE3 (TFE3), a ubiquitously expressed basic helix-loop-helix transcription factor originally isolated as a factor binding to the E-box sequence (CACGTG) in the enhancer of an immunoglobulin gene (Beckmann et al. 1990; Zhao et al. 1993) . A 1.9-kb cDNA encoding the full-length TFE3 was also cloned from HATR7 cells (data not shown).
TFE3 enhances TGF-␤-dependent activation of the PAI-1 promoter
To determine whether TFE3 activates the expression of the luciferase reporter gene driven by the natural PAI-1 promoter, which is well induced by TGF-␤ (Keeton et al. 1991; Westerhausen et al. 1991; Riccio et al. 1992 ), we transfected PAI-Luc into BAH-ER3 cells. Coexpression of TFE3 enhanced TGF-␤-independent expression of PAI--Luc less than twofold (Fig. 3B) . Importantly, cotransfection of TFE3 enhanced PAI-1 promoter activity fivefold in the presence of TGF-␤. This suggests that TFE3 is involved in TGF-␤-induced transcription of the PAI-1 gene.
To identify the minimal element(s) in the PAI-1 promoter that are responsive to both TFE3 and TGF-␤, we tested the activity of three fragments of the full-length PAI-1 promoter. Figure 4B shows that activity of fragment PF1 (bases −794 to −532) of the PAI-1 promoter, which contains two perfect TFE3-binding E-box sequences (CACGTG), is stimulated fivefold by TGF-␤. Notably, coexpression of TFE3 enhances PF-1 promoter After infection of BAH-ER3 cells with a retroviral cDNA library, the cells were grown in HAT medium for 2 weeks. A HAT-resistant clone, HATR4, was isolated, and then infected with wild-type Moloney retrovirus; the supernatant containing the rescued retrovirus was used to infect normal BAH-ER3 cells as described in Materials and Methods. Infected cells were also subjected to HAT selection and the resulting HAT-resistant cells, HATR4-Res cells, were isolated. BAH-ER3, HATR4, and HATR4-Res cells were plated at 5 × 10 4 cells/well in a 6-well plate; HAT medium or 6-TG medium was added as indicated, and cells were incubated for 10 days in the absence of TGF-␤. Growing cells were stained with crystal violet. (B) On day 0, 10 5 cells were plated in each well of a 12-well plate. On day 2, the cells in each well were transfected with 2 µg of 3APP-Luc DNA and 0.5 µg of pSV␤. After overnight culture the cells were switched to serum-free medium with () or without (ᮀ) 200 pM TGF-␤ as indicated, and then incubated for 20 hr before being harvested for luciferase and ␤-galactosidase assays as described in Materials and Methods. Luciferase activities, plotted in arbitrary units, have been normalized to ␤-galactosidase activity. Each value represents an average of duplicate samples, and the error bar denotes the standard deviation of the duplicates. activity dramatically in the presence of TGF-␤ but only slightly in the absence of TGF-␤. In contrast, segments PF2 and PF3, containing bases −552 to −194 and −214 to +29, respectively, are not responsive to TGF-␤ and are unaffected by TFE3 overexpression (Fig. 4B) . Subdivision of the PF1 promoter into smaller pieces showed that at least two subfragments, PE1 and PE2, each of which contains one E box, are responsive to TGF-␤; this experiment ( Fig. 4C ) was done by use of Hep G2 cells because we found that the expression of these luciferase reporter genes were more regulatable by TGF-␤ in this cell line. The higher level of expression of PF1-Luc compared with PE1-Luc and PE2-Luc is probably the result of the effect of tandem repeats of PE1 and PE2 in the PF1 promoter fragment.
E box, the TFE3-binding sequence, is essential for TGF-␤-induced activation of the PE2 promoter
Each of the two TGF-␤-responsive elements, PE1 and PE2, contains a perfect E-box sequence. We tested the importance of the E box in the PE2 promoter by transfecting luciferase reporter genes driven by the wild-type PE2 promoter (PE2-Luc) or a promoter with the mutant E box (PmE2-Luc, CACGTG → acCGac) (Fig. 5A ). All activity of the PE2 promoter was dependent on the presence of a functional E box, because the mutant was inactive. In contrast, activity of the wild-type PE2 promoter was stimulated fourfold by TFE3 in the presence of TGF-␤ (Fig. 5B ). This result is consistent with a previous report showing that the E-box sequence in the PE2 fragment of the PAI-1 promoter is critical for TGF-␤-induced transcription of the PAI-1 gene (Riccio et al. 1992) .
The gel-shift assay in Figure 5C shows that TFE3 synthesized in vitro binds to a Together, these data suggest that the E-box sequence in the PE2 promoter is essential for the binding of TFE3 to the promoter as well as for TFE3-and TGF-␤-dependent activation of the promoter.
TFE3 and Smad3-Smad4 synergize in TGF-␤-dependent transcription
The data in Figure 6A show that TFE3 synergizes with Smad3 in enhancing TGF-␤-dependent activation of the PE2 PAI-1 promoter. We transfected Hep G2 cells with the PE2-Luc reporter and various Smad constructs. Hence, the short AP1-binding sequence was used to replace the 32-bp fragment containing an AP1-binding sequence in the 3TP promoter (Wrana et al. 1992) to eliminate the potential influence of sequences other than the AP1-binding site. (B) Activation of PAI-Luc expression by TFE3 is dependent on TGF-␤. BAH-ER3 cells were transfected as described in Fig. 2B . Each well received 1.5 µg of reporter gene, 0.5 µg of pSV␤, and also 1.0 µg of plasmid encoding TFE3 as indicated. The total amount of DNA per well was adjusted to 3.0 µg. Transfected cells were treated with () or without (ᮀ) TGF-␤, and processed for both luciferase and ␤-galactosidase assays as described in Fig. 2B .
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Cold Spring Harbor Laboratory Press on October 25, 2017 -Published by genesdev.cshlp.org Downloaded from Transfection of either Smad3 or Smad4 or both together had little effect on the PE2 promoter activity, either in the absence or presence of TGF-␤. Transfection of a small amount of TFE3 plasmid DNA alone slightly stimulated the PE2 promoter activity in the presence of TGF-␤. Importantly, cotransfection of TFE3 and Smad3, or TFE3, Smad3, and Smad4 together, markedly stimulated the PE2 promoter activity in the presence of TGF-␤. In contrast, only a slight stimulation was observed in the absence of TGF-␤. The reporter construct PmE2-Luc, containing a mutant E box, was inactive even after cotransfection of TFE3, Smad3, and Smad4 and stimulation with TGF-␤.
TGF-␤ induces phosphorylation of the serine residues at the carboxyl terminus of Smad3. Phosphorylation is essential for signaling because overexpression of the mutant Smad3A, in which the three carboxy-terminal serines are changed to alanines, blocks the ability of TGF-␤ to inhibit cell division and stimulate the PAI-1 promoter (X. . Consistent with these observations, Smad3A had little effect on the PE2 promoter activity, either in the absence or presence of TFE3 or TGF-␤ (Fig. 6B ). Taken together, these results show a functional synergy between TFE3 and phosphorylated Smad3 in activation of the PE2 promoter.
Smad 4 and phosphorylated but not unphosphorylated Smad3 together bind to the PE2.1 element of the PAI-1 promoter
The PE2 fragment of the PAI-1 promoter, bases −583 to −528, contains a perfect E box at −561 to −556. As detailed below, we surmised that a Smad3-Smad4 complex binds to nucleotides within −583 to −528; thus, we tested the PE2.1 probe, containing two tandem segments of DNA spanning bases −586 to −551 of the PAI-1 promoter. The gel-shift experiment in Figure 7A shows that a complex of Smad4 and phosphorylated Smad3 binds to this DNA fragment. In this study we transfected Bosc23 cells with plasmids encoding Smad4 and/or Flag-tagged Smad3, together with the constitutively active type I TGF-␤ receptor, T␤RI-T204D. Lysates from transfected cells were then incubated with the 32 P-labeled PE2.1 probe and analyzed on a native polyacrylamide gel (Fig. 7) . Only lysates from cells expressing Smad3, Smad 4, and the active T␤RI-T204D bound this PE2.1 element (Fig.  7A, lane 12) ; lysates from cells transfected with either Smad3 or Smad4 failed to bind (Fig. 7A, lanes 10,11) , indicating that a complex of Smad 3 and Smad4 is binding to this probe. This gel-shifted complex can be supershifted by either an anti-Flag antibody, recognizing the epitope-tagged Smad3, or by an anti-Smad4 antibody (Fig. 7B, lanes 3,5) , but not by control antibodies (Fig. 7B,  lanes 2,4) , confirming the presence of both Smad3 and Smad4 in the complex. Figure 7A , lanes 4-8 provide additional controls, showing that cells transfected with a kinase-deficient type I receptor fail to generate a functional DNA-binding complex. Furthermore, cotransfection of cells with T␤RI-T204D, Smad4, and the mutant Smad3A did not yield a complex capable of binding the PE2.1 probe (Fig. 8, lane 6) . Dennler et al. (1998) reported that GST fusion proteins of both full-length Smad4 and the amino-terminal half of Smad3 independently and directly bind to multiple CAGA sequences derived from the PAI-1 promoter. There is one CAGA sequence in the PE2.1 fragment. In contrast, our experiments show that binding of Smad3 and Smad4 to the 36-bp PE2.1 promoter fragment depends on the presence of the consti- , and 1 µg of plasmid encoding T␤RI-KR (pCMV5-T␤RI-KR) or T␤RI-T204D (pCMV5-T␤RI-T204D) as indicated. The total amount of DNA for each dish was adjusted to 5 µg with pEXL-GFP. The gel-shift assay at top was carried out with the 32 P-labeled probe and 1 µl of cell lysate as described in Materials and Methods, and exposed to a Fuji PhosphorImager plate. The minor lower band in lane 12 at top probably represents Smad3 and Smad4 protein binding to only one of the two tandem repeats of the PE2.1 element. (Middle, bottom) Immunoblots with 5 µl (150 µg of proteins) of cell lysates in each lane that were blotted with an anti-Flag M2 antibody, recognizing the Flag epitope-tagged Smad3, and with an anti-Smad4 antibody, respectively, as described in Materials and Methods. As indicated, the levels of expression of Smad4 were the same in all cases (lanes 3,4,7,8,11,12) as were those of the Flag-tagged Smad3 (lanes 2,4,6,8,10,12) . (B) Cell lysates containing both Smad4 and the Flag-tagged Smad3 were incubated with 32 Plabeled PE2.1 DNA, followed by addition of 1 µl of an irrelevant control antibody or preimmune serum (lanes 2,4) or the antiFlag antibody (anti-Smad3) (lane 3) and the anti-Smad4 antibody (lane 5), followed by gel electrophoresis as described in Materials and Methods. Cold Spring Harbor Laboratory Press on October 25, 2017 -Published by genesdev.cshlp.org Downloaded from tutively active type I receptor, and that the complex contains Smad4 and phosphorylated Smad3. Figure 9 shows that TFE3 and the complex of Smad4 and phosphorylated Smad3 bind to adjacent sequence of the PE2.1 promoter, and that both binding sites are essential for TGF-␤-induced promoter activity. This experiment compares the activity of wild-type PE2.1 DNA (−586 to −551) with that of its two mutant versions, namely a mutation in the potential Smad3 and Smad4 binding site, PE2.1S m , and a mutation in the E box, PE2.1E m (Fig.  9A) . Lysates from cells overexpressing Smad4 and phosphorylated Smad3 form a gel-shifted band with radiolabeled PE2.1 DNA (Fig. 9B, lane 2) that is blocked by an excess of unlabeled PE2.1 DNA (Fig. 9B, lane 3) , but not by unlabeled PE2.1S m DNA (Fig. 9B, lane 4) . This indicates that at least part of the sequence 5Ј-CCTAGAC-3Ј, located 3 nucleotides in front of the E-box sequence, is bound by the complex of Smad4 and activated Smad3. Figure 9C shows that two tandem repeats of the PE2.1 sequence, inserted upstream of a luciferase reporter gene, forms a functional TGF-␤-inducible promoter. Mutation of the E boxes in this sequence inactivated promoter activity, both in the presence and absence of TGF-␤. In contrast, mutation of the Smad binding site, PE2.1S m , had no effect on basal (TGF-␤-independent) promoter activity, but abolished the ability of TGF-␤ to stimulate transcription.
Binding of TFE3 and Smad3-Smad4 to adjacent sites in the 36 bp of the PE2.1 element induces TGF-␤-dependent transcription
Together, these experiments indicate that both the Smad3-Smad4-binding site and the TFE3-binding site in PE2.1, the 36-bp TGF-␤-inducible PAI-1 promoter, are essential for TGF-␤-induced gene activation, suggesting that TFE3 synergizes with the Smad3-Smad4 protein complex in TGF-␤ signaling by binding to adjacent sites in the promoter. The gel-shift experiment in Figure 10 supports this notion by showing that a complex of TFE3 and Smad3-Smad4 bind to the same PE2.1 element. TFE3 was generated by in vitro translation, and the complex of Smad4 and phosphorylated Smad 3 was produced in transfected cells. TFE3 (Fig. 10, lane 2) generates a single-shifted band, whereas the activated Smad3-Smad4 (Fig. 10, lane 4) generate two shifted bands. A distinct, slower-migrating band was detected in the sample containing both TFE3 and the activated Smad3-Smad4 complex (Fig. 10, lane 3) . These results show that both TFE3 and the activated Smad3-Smad4 complex bind to the adjacent sequences of the same 36 nucleotide segment of the PE2.1 promoter.
Discussion
TFE3 activates TGF-␤-induced transcription by binding to the E-box sequence in the PAI-1 promoter
To identify proteins that mediate TGF-␤ induction of the PAI-1 promoter, we developed an expression cloning strategy utilizing an engineered TGF-␤-responsive cell line and a retroviral cDNA library. Our strategy was based on the demonstration that the engineered TGF-␤-responsive cell line, BAH-gpt, constructed by Hocevar and Howe (1996) , grows in HAT medium only in the presence of TGF-␤. In this sense, TGF-␤ was converted from a growth-inhibitory factor, its normal function, into a growth-promoting hormone. Our strategy also made use of the observation that retroviruses deliver recombinant DNA sequences into the genome of recipient cells at a very high efficiency (Kitamura et al. 1995) , and that the ecotropic retrovirus receptor is essential and sufficient for infection of cells by murine retroviruses (Baker et al. 1992) .
Using this approach, we cloned the transcription factor, TFE3, which slightly activates transcription of the PAI-1 gene in the absence of TGF-␤ but strongly potentiates the ability of TGF-␤ to induce transcription (Figs.  3,4) . TFE3 has not been implicated previously in TGF-␤ signaling. It was isolated previously by screening a phage expression library with a 32 P-labeled E box-containing sequence from the immunoglobulin heavy chain gene, and is ubiquitously expressed (Beckmann et al. 1990; Zhao et al. 1993) .
Several lines of evidence suggest that TFE3 plays a critical role in activating TGF-␤-dependent transcription of the PAI-1 gene. First, cotransfection of TFE3 and a reporter gene containing ∼800 bp of the natural PAI-1 promoter enhances expression of the reporter gene fivefold in the presence of TGF-␤ (Fig. 3B) . Second, serial truncation of the PAI-1 promoter identified 36-to 56-bp segments that are responsive to both TGF-␤ addition and overexpression of TFE3 (Figs. 4, 5, 9C ), and these elements contain an E-box sequence. Moreover, mutation of the E-box sequence in either the 56-bp PE2 promoter or the 36-bp PE2.1 promoter abolished TGF-␤-induced transcription as well as its binding to TFE3 (Figs. 5 and  9C) . Third, Smad3, a critical signal transducer in TGF-␤ signaling, synergizes with TFE3 in TGF-␤-induced transcription ( Fig. 6A ) and mutation (Smad3A) of the TGF-␤-inducible phosphorylation sites in Smad3 abolished its ability to activate transcription (Fig. 6B) . Fourth, USF1, a basic helix-loop-helix transcription factor that also binds the E-box sequence (Beckman et al. 1992) , activated transcription of a luciferase gene driven by the PE2.1 promoter in BAH-ER3 cells, but transcription of the reporter gene was no longer regulated by TGF-␤ (data not shown).
Phosphorylation of Smad3 triggers binding of a Smad3-Smad4 complex to a sequence in the PAI-1 promoter adjacent to the TFE3-binding site
Smad3 and Smad4 together, but neither alone, bind to the 36-bp PE2.1 promoter. A prerequisite for formation of this DNA-binding complex is that the cells express a constitutively active type I receptor T␤RI-T204D (Fig.  7) . The constitutively active T␤RI phosphorylates Smad2 and Smad3, which are normally phosphorylated by the wild-type I receptor only on addition of TGF-␤ (Macias-Silva et al. 1996; Abdollah et al. 1997; Souchenlnytskyi et al. 1997) . Nevertheless, mutation of the TGF-␤-inducible phosphorylation sites in Smad3 abolished the formation of a complex of Smad3 and Smad4 capable of binding to the PE2.1 sequence (Fig. 8) .
Binding of the PE2.1 promoter by Smad3 and Smad4 was unaffected by mutation of the E box (data not shown), but was abrogated by mutation of the 7-bp sequence (5Ј-CCTAGAC-3Ј) located 3 bp upstream of the E box (Fig. 9 ). This suggests that at least part of the 5Ј-CCTAGAC-3Ј sequence contains the Smad binding site. Dennler et al (1988) reported GST fusion proteins of both full-length Smad4 and the amino-terminal half of Smad3 directly bind to the CAGA sequence 5Ј to the CCTAGAC sequence in the PE2.1 promoter. In contrast, our evidence suggests that phosphorylation of Smad3 not only triggers its association with Smad4, as reported previously (Nakao et al. 1997) but also is indispensable for binding to the PE2.1 element and subsequent activation of gene transcription (Figs. 6B and 9C) . We have not yet precisely mapped the Smad binding site in this promoter segment. Phosphorylation may induce exposure of the DNA-binding domain in Smad3, or a multimer of Smad4 and phosphorylated Smad3 may have higher affinity for the PE2.1 sequence than does an unphosphorylated Smad3 monomer.
A number of recent reports show direct binding of Smad3 and Smad4 to specific DNA sequences, but these reports disagree on the consensus binding sequences (Yingling et al. 1997; Dennler et al. 1998; Vindevoghel et al. 1998; Zawel et al. 1998) . As an example, Drosophila Mad binds to the consensus sequence GCCGnCGc (Kim et al. 1997) ; whereas human Smad 3 and Smad4 was reported to preferentially bind to GACACC (Yingling et al. 1997) , GTCTAGAC (Zawel et al. 1998) , or AG(C/ A)CAGACA (Dennler et al. 1998) ; the latter sequence is also present in the PE2.1 element in the PAI-1 promoter. Hence, Smad3 and Smad4 appear to bind to DNA with a relative but not absolute specificity. Multiple tandem repeats of a Smad-binding sequence are required for TGF-␤-induced transcription of a reporter gene, and even two tandem repeats of the GTCTAGAC sequence cannot support TGF-␤-induced expression of a luciferase reporter gene (Zawel et al. 1998 ). These observations raise the possibility that a complex of multiple Smad proteins, together with other transcription factors such as TFE3, are required for maximal TGF-␤-inducible transcription.
Synergism of TFE3 and Smad proteins in TGF-␤-induced gene transcription by binding to adjacent sites in the PAI-1 promoter
TFE3 and a complex of Smad3 and Smad4 bind to adjacent sites in the 36-bp PE2.1 promoter (Figs. 9 and 10) , and both binding sites are required for maximal TGF-␤-induced gene transcription (Fig. 9C ). This synergy requires TGF-␤-induced phosphorylation of the carboxyl terminus of Smad3, as mutant Smad3A, lacking the TGF-␤-induced phosphorylation sites, cannot synergize with TFE3 to activate TGF-␤-dependent transcription from the PE2.1 promoter (Fig. 6B) .
The model for TGF-␤-induced transcription of the PAI-1 gene in Figure 11 summarizes our results. A TGF-␤-activated type I receptor phosphorylates Smad3, which then associates with Smad4. The complex of Smad3 and Smad4 then enters the nucleus and binds to a sequence upstream of the E box, which is already occupied by TFE3. Binding of both the Smad3-Smad4 complex and TFE3 within the 36-bp PE2.1 element is essential for maximal transcription of the PAI-1 gene.
Our model differs somewhat from that proposed for activin-induced activation of the Xenopus transcription factor FAST-1. On addition of activin, a complex of Smad4 and phosphorylated Smad2 forms in the cytosol, translocates into the nucleus, binds FAST1, and then binds to a segment in the promoter of the developmentally regulated Mix2 gene (X. Chen et al. , 1997 . In contrast, we have been unable to detect an interaction of TFE3 and the Smad3-Smad4 complex in the absence of DNA. It is possible that the Smad3-Smad4 complex does not directly bind to TFE3, even though they bind to adjacent sites of the PE2.1 promoter. Alternatively, TFE3 may form a complex with another, as yet unidentified, transcription factor, and that only this complex associates with the Smad3-Smad4 complex that is formed after TGF-␤ stimulation.
TGF-␤ activates a diverse range of genes in different cell types. Although Smad3-Smad4 complexes may bind specific DNA sequences, our work suggests that to induce expression of specific genes, these complexes need to cooperate with one or more transcription factors. We showed that TFE3 is one such factor essential for induction of the PE2.1 promoter. Because other genes activated by TGF-␤ do not have E boxes in the promoter sequenced to date, it is likely that other transcription factors interact with Smad3-Smad4 and Smad2-Smad4 complexes to induce transcription of other genes such as p15 INK4B and p21 WAF1/CIP (Datto et al. 1995; Li et al. 1995) . The TFE3-binding sequence E box is essential for both basal and TGF-␤-induced transcription of the PE2.1 promoter. We have no evidence to suggest that TFE3 itself is modified or activated following TGF-␤ addition; consistent with this notion, in vitro translated TFE3 binds to the E box in the PE2 promoter. We speculate that in unstimulated cells, TFE3 is bound to the two E boxes in the PAI-1 promoter and supports a low level of transcription. Binding of an activated Smad3-Smad4 complex leads to a several-fold increase in gene expression.
Such synergistic cooperation of Smad3-Smad4 complexes with specific transcription factors offers the organism a distinct advantage-the same Smad3-Smad4 complex will activate different genes in different cells depending on the sequence of a promoter and the set of cooperative transcription factors that are expressed.
Materials and methods
Plasmid construction
Standard molecular biology techniques were used as described (Sambrook et al. 1989 ). Oligonucleotides were synthesized by GIBCO-BRL. To construct 3APP-Luc, the TATA box sequence, 5Ј-AGGGTATATAAT-3Ј, was inserted into the PstI-BglII site of the pGL3-basic vector (Promega); a pair of oligonucleotides corresponding to −740/−644 of the PAI-1 promoter was inserted upstream of the TATA box sequence; finally a pair of oligonucleotides containing three tandem repeats of the AP1-binding site [TGA(G/C)TCA] separated by an XbaI site was inserted upstream of the PAI-1 promoter sequence. PAI-Luc was constructed by inserting the 0.8-kb HinddIII fragment of the PAI-1 promoter (Westerhausen et al. 1991) into the HindIII site of pGL3-basic. Various DNA fragments PCR-amplified from the PAI-1 promoter were cloned into the KpnI-PstI sites of 3APP-Luc to generate PF1-Luc, PF2-Luc, and PF3-Luc in place of the 3APP promoter. These DNA fragments corresponded to nucleotides −794 to −532, −552 to −194, and −214 to +29 of the PAI-1 Figure 11 . A model for cooperation of TFE3, Smad3, and Smad4 in TGF-␤-induced activation of the PAI-1 promoter. A complex of Smad4 and phosphorylated Smad3 bind to the DNA sequence 5Ј to the E-box sequence, which is occupied by TFE3. Binding of the Smads potentiates the activity of TFE3, leading to TGF-␤-induced transcription of PAI-1 gene. Although indicated as monomers, we do not yet know the oligomeric state of the Smad or TFE3 proteins when they bind to the PAI-1 promoter.
promoter (Keeton et al. 1991) . Pairs of oligonucleotides including the E-box sequence in the PAI-1 promoter were cloned into the KpnI-Pst I sites of 3APP-Luc to generate PE1-Luc and PE2-Luc. These oligonucleotides corresponded to −740 to −644 and −583 to −528, respectively. To construct PE2.1-Luc, PE2.1S m -Luc, and PE2.1E m -Luc reporter genes, two tandem repeats of the wild-type or mutant oligonucleotides corresponding to −586 to −551 of the PAI-1 promoter were inserted into KpnI-PstI sites of p3APP-Luc to replace its promoter (see Fig. 9A ). All the constructs were sequenced to confirm the cloning junctions and more than one independent clone of each construct were tested in transfection for luciferase assays to confirm the results.
To generate a plasmid encoding Smad3, human Smad3 cDNA was amplified by PCR and cloned into the BamHI-XbaI sites of a modified pcDNA3, resulting in a Smad3 fusion protein with two tandem repeats of a Flag epitope tag at its NH 2 -terminus. A plasmid encoding Smad4 was generated by insertion of the human Smad4 cDNA into pMX-IRES-GFP (X. . Human Smad4 cDNA was also cloned into the BamHI-NotI sites of the vector pEXL, a derivative of pEGFP-N1 (Clontech) described previously (X. ) to generate pEXLSmad4. Plasmids Flag-N-Smad3 and Flag-N-Smad3A were described previously (X. . PCR-amplified TFE3 was cloned into the BamHI-XhoI sites of pET28a (Novagen) to generate pET-TFE3 for in vitro transcription and translation. The kinase-defective mutant plasmid of the human TGF-␤ type I receptor, pCMV5-T␤RI-KR, and the constitutively active TGF-␤ type I receptor, pCMV5-T␤RI-T204D, were described previously (Wieser et al. 1995) .
Tissue culture
BAH-gpt cells and HPRT-deficient HT1080 cells were kindly provided by P. Howe at the Cleveland Clinic Research Foundation (Hocevar and Howe 1996) . HepG2 cells were purchased from ATCC. All of these cells were cultured in DMEM containing 10% fetal calf serum, 100 U/ml penicillin and 100 µg/ml streptomycin, in 5% CO 2 at 37°C unless otherwise stated. To treat cells with HAT or 6-TG, 1× HAT medium (GIBCO-BRL) or 30 µg/ml 6-TG (Sigma) was added to the normal medium. TGF-␤1 was provided by R&D Systems, Inc., and a concentration of 200 pM was added to cell cultures as indicated.
Construction of a retroviral cDNA library and infection of cells by retroviruses
Poly(A)
+ RNA was isolated from HPRT-deficient HT1080 cells. cDNAs were synthesized from the poly(A) + RNA by use of the Superscript Plasmid System for cDNA Synthesis and Plasmid Cloning (GIBCO BRL) as described previously (Hua et al. 1996) , and then cloned into the EcoRI-NotI sites of the retroviral vector pMX (Onishi et al. 1996) . The resulting cDNA library was amplified in transformed bacteria and then introduced into a packaging cell line to obtain a high titer retroviral cDNA library. Briefly, Bosc23 cells, a cell line expressing the Gag, Pol, and Env proteins of Moloney Leukemia Virus (Pear et al. 1993) , were seeded at a density of 2 × 10 6 cells per 60-mm dish in DMEM containing 10% fetal calf serum. On day 1, cells in each dish were transfected with 5 µg of the retroviral cDNA library in the presence of chloroquine (25 µM) to increase the virus titer. The transfected cells were switched to fresh medium 9 hr after transfection, and the supernatant containing the recombinant retroviruses was collected 48 hr after transfection.
Supernatant containing the retroviruses was incubated with the target cells for 6-9 hr in normal medium containing 4 µg/ml Polybrene (Sigma). To measure the titer of the library, pMXLacZ-derived retroviruses were produced in parallel with the retroviral cDNA library and were used to infect BAH-ER3 cells or NIH 3T3 cells; infected cells were stained with X-gal for ␤-galactosidase expression. The titer of the retroviral cDNA library was deduced from that of the pMX-LacZ retroviruses produced in parallel.
To rescue recombinant retroviruses from infected BAH-ER3 cells, we first transfected Bosc23 cells with the plasmid pZAP (from D. Baltimore's laboratory, MIT, Cambridge, MA), which carries the entire cDNA sequence of the murine Moloney leukemia retrovirus genome. The supernatant containing the wildtype virus was collected 48 hr after transfection, and 1 ml of a 1:2 dilution of the supernatant was used to superinfect infected BAH-ER3 cells in six-well plates.
Transfection, luciferase assay, and preparation of cell lysates
Cells were transfected by the calcium phosphate precipitation method (Sambrook et al. 1989) . For luciferase assays, cells were also transfected with 0.5 µg/well pSV-␤ or 0.2 µg/well of pCMV-␤ encoding the lacZ gene (Clontech) as an internal control to normalize the luciferase activity.
To transfect BAH-ER3 cells and Hep G2 cells, cells were seeded at a density of 50,000 cells/well in 12-well plates unless otherwise stated. On day 1, the cells were switched to fresh medium and then transfected by the calcium phosphate precipitation method. After overnight incubation, the cells were switched to normal medium and incubated for 6-8 hr. Afterward, serum-free medium with or without 200 pM TGF-␤ was added to the transfected cells; cells were harvested 20 hr after incubation with TGF-␤ for luciferase and ␤-galactosidase assays. The cells in each well of 12-well plates were lysed with 250 µl of 1× lysis buffer (Promega), and luciferase assays were carried out with 20 µl of cell lysates by use of the Luciferase Assay System (Promega) as detailed by the manufacturer. To normalize the luciferase activity, 20 µl of cell lysate was incubated with 100 µl of reaction buffer from the Luminescent Bgalactosidase Detection Kit II (Clontech Laboratories, Inc.) as instructed by the manufacturer. Both the luciferase and ␤-galactosidase activities were measured by an AutoLumat LB953 luminometer (EG & G Berthold). All luciferase activities were normalized by the ␤-galactosidase activities and presented as an average from duplicate samples.
To obtain cell lysates for gel-shift assays, Bosc23 cells were transfected with desired plasmids and the total amount of DNA per 60 mm dish was adjusted to 7.5 µg by use of the plasmid pEXL-GFP. After overnight transfection, the cells were switched to normal medium, and harvested 24 hr later. Cells from each 60-mm dish were lysed in 150 µl of buffer containing the following components: 50 mM Tris at pH 8.0, 500 mM NaCl, 1% NP-40, 25 mM ␤-glycerophosphate, and 1× protease inhibitor cocktail Complete (Boehringer Mannheim). The lysed cells were rotated at 4°C at 60 rpm for 2 hr, and the supernatant was collected by centrifugation for use in gel-shift assays.
Gel-shift assay and immunoblotting
Gel-shift reactions were carried out in a total volume of 30 µl at room temperature. The components of the reaction buffer are as follows: 20 mM Tris at pH 8.0, 60 mM KCl, 0.7 mg/ml bovine serum albumin, 1 mM EDTA, 1.6 mM dithiothreitol, 1.6 mM MgCl 2 , 0.3 % NP-40, 66 µg/ml poly(dI-dC)/poly(dI-dC) (Pharmacia), and 12% glycerol. Radiolabeled probes were made either by end labeling the annealed oligonucleotides with [␥- The amplified probe was isolated on a native polyacrylamide gel as described previously (Wang et al. 1993) , and 4 × 10 3 cpm was added to each reaction that had received the cell lysates 15 min earlier. One microliter of cell lysate (∼30 µg of protein) was used in each reaction unless otherwise stated. For competition with wild-type or mutant oligonucleotides, a 50-fold molar excess of unlabeled oligonucleotides was added to the reaction buffer containing the cell lysate 15 min prior to addition of the 32 P-labeled probe. Twenty minutes after addition of the probe, the reaction was loaded onto a 4% polyacrylamide gel in 0.5× TBE buffer (Sambrook et al. 1989) , and electrophoresis was carried out at 20 mA for 70 min. To supershift the DNA-binding activity with antibodies, 1 µl of the indicated antibody was added to each reaction; the reaction was loaded onto the gel after 15 min of incubation. All signals were detected on a Fujix BAS2000 PhosphorImager.
To detect the expression of Smad3 and Smad4 proteins in transfected Bosc23 cells, cell lysates prepared from the transfected Bosc23 cells were separated on 6%-18% gradient polyacrylamide gels and then transferred to Nitrocellulose blotting filters. The filters were blotted with 1 µg/ml anti-Flag (M2) antibody (Eastman Kodak) for detection of the Flag epitopetagged Smad3, or with a 1:2000 dilution of an anti-Smad4 rabbit polyclonal antibody (Nakao et al. 1997) . Bound primary antibodies were detected with horseradish peroxidase-labeled antimouse or anti-rabbit secondary antibodies, respectively, and developed with enhanced chemiluminescence reagents purchased from Pierce.
